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Effect of an increased intraperitoneal pressure on fluid and solute
transport during CAPD. The effect of an increased intraperitoneal
pressure on fluid and solute transport was studied in eight stable CAPD
patients. Two permeability tests of two hours each with continuous
registration of the intraperitoneal pressure were performed while pa-
tients were in supine position. The intra-abdominal pressure was raised
by means of a tightening girdle with inflatable cuffs in one of the
experiments. Intraperitoneally administered dextran 70 was used as a
volume marker in order to determine the peritoneal fluid kinetics. The
increment in the intra-abdominal pressure of 10.0 1.0 mm Hg caused
a decline in the net ultrafiltration. This was mainly determined by an
increase in the lymphatic absorption: 1.07 0.18 mI/mm (without
compression) versus 1.86 0.25 mI/mm (with compression; P < 0.01),
whereas the transcapillary ultrafiltration rate tended to decrease: 2.02
0.23 versus 1.73 0.27 mI/mm (P = 0.08). External compression also
diminished solute transport from the circulation to the peritoneal
cavity. The decline in the mass transfer area coefficient of urea,
creatinine, urate and /32-microglobulin was 13%, indicating a smaller
effective peritoneal surface area caused by external compression prob-
ably due to a decrease in the number of the perfused peritoneal
capillaries. The fall in the peritoneal protein clearances was more
pronounced the higher the molecular weight of the protein, consistent
with a decline in the intrinsic permeability of the peritoneum. Kinetic
modeling using computer simulations was used to analyze these effects
in terms of the pore theory, using a convection model (large pore radius
184 14 A) and a diffusion model (large pore radius 1028 218 A) for
the transport of macromolecules. External compression led to a de-
crease in the unrestricted area over diffusion distance from 183 16.6
m to 151 15.3 m and a large pore radius of 174 9 A. The diffusion
model gave a decrease of the unrestricted area over diffusion distance
from 140 12.8 m to 120.5 12.5 m and a large pore radius of 830
122 A. The diffusion model fitted the measured clearances slightly
better than the convection model (P < 0.001). As the main difference
between the two models is the large pore size, the contribution of
diffusion or convection to the transport of macromolecules can only be
elucidated when the morphological counterpart of the large pore system
has been identified. It can be concluded that the effects of external
compression on the transport of fluid and solutes include an increased
lymphatic absorption rate, a decreased transcapillary ultrafiltration, a
reduced effective surface area, that is, the number of pores and a lower
intrinsic permeability.
Loss of net ultrafiltration capacity sometimes complicates
long-term peritoneal dialysis [1, 2]. The decline in water re-
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moval during CAPD can be caused by a decreased transcapil-
lary ultrafiltration from the circulation into the peritoneal cav-
ity, and/or by an increased return of fluid from the peritoneal
cavity to the circulation, such as by an increased lymphatic
absorption [3—5]. The first can be the result of a rapid glucose
absorption, which is probably caused by a large effective
peritoneal surface area [6-8]. According to Starling's law, the
transcapillary ultrafiltration rate in peritoneal dialysis is deter-
mined by the ultrafiltration coefficient of the peritoneal mem-
brane and the driving forces between the peritoneal capillaries
and the abdomen. These forces are exerted by hydrostatic-,
crystalloid osmotic- and colloid osmotic pressure gradients.
Hence, a deterioration in the transcapillary ultrafiltration rate is
expected when the intraperitoneal hydrostatic pressure in-
creases. The role of the intraperitoneal pressure on the lym-
phatic absorption during CAPD is not known, but the combi-
nation of the following studies suggests that it may be
important. The rate of fluid absorption from the peritoneal
cavity has been shown to be directly proportional to the
intraperitoneal pressure in anesthetized cats [9]. Furthermore,
it has been demonstrated in CAPD patients that a certain
increase of the intra-abdominal volume resulted in an increase
of the intraperitoneal pressure by 2.0 to 2.8cm H20/liter [10]. In
the third study an increase in the disappearance rate of in-
traperitoneally administered autologous hemoglobin was found
when a 3 liter dialysate solution instead of a 2 liter solution was
instilled intraperitoneally [3]. These results suggest that a high
intraperitoneal hydrostatic pressure is associated with an in-
creased lymphatic absorption from the peritoneal cavity. How-
ever, simultaneous measurements of the intraperitoneal hydro-
static pressure and fluid kinetics have not been reported in
CAPD patients.
Low-molecular weight solutes are mainly transported by
diffusion during peritoneal dialysis [11]. For macromolecules
such as proteins it is still controversial whether the main
transport mechanism is convection [12, 13] or (restricted)
diffusion [14—18]. To distinguish between both transport mech-
anisms a mathematical approach has often been used to de-
scribe fluid and solute transport during peritoneal dialysis [121.
Rippe and Stelin demonstrated the usefulness of a two-pore
model to describe solute transport during CAPD [19], in which
the assumption was made that proteins larger than 50 A reach
the peritoneal cavity exclusively by hydrostatic convection
through the large pores. The driving force for convective mass
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transfer through the large pores is determined by the hydro-
static pressure gradient [19], because crystalloids as well as
colloids exert no osmotic pressure across the large pores due to
their small reflection coefficients [14].
In vitro studies using endothelial monolayers on polycarbon-
ate filters suggest that macromolecular transport across endo-
thelial monolayers is due to diffusion and convective solute drag
[20]. Restricted diffusion was especially present with highly
confluent monolayers on filters with pores of about 400 A, a
situation probably similar to that in peritoneal dialysis. There-
fore, the usefulness of models in which diffusion is assumed to
be the main transport mechanism of macromolecules through
the large pores should also be investigated.
The purpose of this study was to examine the effect of an
increased intraperitoneal hydrostatic pressure during CAPD on:
(1) the peritoneal fluid loss and the transcapillary ultrafiltration,
and on (2) the pentoneal transport of low-molecular weight
solutes and macromolecules. In addition, the results were used
for the comparison of two three-pore models for computer
simulation assuming that the transport of macromolecules is
either by convection or by diffusion.
Methods
Patients
Two peritoneal permeability tests were performed on one day
in eight stable CAPD patients (1 female/7 male), with a mean
age of 51 years (range 24 to 66). The causes for renal replace-
ment therapy were diabetic nephropathy (2), chronic glomeru-
lonephritis (2), chronic interstitial nephritis (1), polyarteritis
nodosa (1) and unknown (2). The patients were treated with
CAPD for 6 to 48 months (median 16 months) and were using
commercially available dialysate (Dianeal®, Baxter BY,
Utrecht, The Netherlands). None of the patients had peritonitis
at the time of the study or in the four preceding weeks.
Informed consent was obtained from all patients after an
explanation of the aim of the study. The protocol was approved
by the Committee for Medical Ethics of the University Hospital
of Amsterdam.
Procedure
Both peritoneal permeability tests were performed while the
patients were in supine position during a two-hour dwell period.
In all tests, two liter bags with a glucose concentration of 75
mmollliter (Dianeal® 1.36%) were used. The interval between
the two tests was at least one hour. Dextran 70 (Macrodex®,
NPBI, Emmercompascuum, Amsterdam, The Netherlands) 1
glliter was added to both test bags as a macromolecular marker
[21].
Before instillation of the test solution in the abdomen, the
peritoneal cavity was rinsed once with dialysate (Dianeal®
1.36%). The rinse solution was drained by gravity immediately
after inflow was completed. To ensure maximal drainage, the
patient was asked to stand up a few times when fluid flow had
stopped. A volume of 14 ml dialysate was taken at 10, 20, 30, 60
and 120 minutes after completion of inflow of the test solution.
These samples were collected after a temporal drainage of 100
to 200 ml. Immediately after drainage of the test solution at 120
minutes, the peritoneal cavity was rinsed once, similar to the
procedure at the beginning of the test. Samples were taken from
this bag for the calculation of the residual volume. Blood
samples were taken before the first test, during the one hour
interval, and after the second test. After the first blood sample
20 ml of dextran 1 (Promiten®, NPBI, Emmercompascuum)
were given intravenously to prevent possible anaphylaxis to
dextran 70 [22]. All patients used a glucose 1.36% solution
during the one hour interval.
The intraperitoneal pressure was measured in both tests using
a Hewlett-Packard quartz pressure transducer (Model 1290A)
that was connected to the peritoneal dialysis system with a
three-way stop cock, after the rinse solution had drained
completely. The zero-point reference level was defined in the
midaxillary line. The intraperitoneal pressure was recorded
continuously on a Hewlett-Packard pressure recorder (Model
78205B) and on a stripchart recorder (Kratos analytical). After
a calibration procedure and instillation of the test solution, the
pressure recordings were started. The intraperitoneal pressure
was increased by means of a tightening girdle with inflatable
cuffs in one of the experiments in random order, ten minutes
after instillation of the test solution was completed. The height
of the intraperitoneal pressure was read every two minutes, in
order to obtain a mean pressure value for each experiment.
Analytical methods
In all dialysate and blood samples f32-microglobulin was
determined using a microparticle enzyme immunoassay (IMx®
SYSTEM, Abbott diagnostics, North Chicago, Illinois, USA),
albumin, transferrin and IgG were determined by nephelometry
(BN100, Behring, Marburg, Germany), and a2-macroglobulin
by another nephelometric method (Cobas Bio, Hoffmann-La
Roche, Basle, Switzerland). The lower detection limits and the
coefficients of variation of the protein assays were 0.1 (mg/liter)
and 5 (%) for f32-microglobulin, 1.7 and 3 for albumin, 2.4 and 3
for transferrin, 4.5 and 3 for IgG and 0.8 and 3 for a2-
macroglobulin. Urea and urate were measured by use of the
DAM-TSC Technicon SD4-OOl DK 7 method, creatinine by the
modified Jaffé method and glucose by the glucose oxidase-
peroxidase method, all determined by autoanalyzers (SMAC
and SMA-Il, Technicon Corp., Terrytown, New York, USA).
Creatinine concentrations in the dialysis fluid were corrected
for the glucose concentration according to: creatinine corrected
(mol/liter) = creatinine (mol/liter) — 0.47 x glucose (mmoll
liter). Total dextran 70 was determined in all dialysate samples
by means of high performance liquid chromatography [23].
Calculations
Fluid kinetics. The peritoneal fluid parameters, that is, the
transcapillary ultrafiltration and the lymphatic absorption were
calculated as described previously [24]. Briefly, fluid loss from
the peritoneal cavity is assumed to be mainly determined by
lymphatic absorption, in which the disappearance rate of dex-
tran 70 can be used as an indirect measure for this convective
fluid loss (Discussion). Furthermore, the dilution of dextran 70
was used to calculate the changes in the in situ intraperitoneal
volume [21]. The transcapillary ultrafiltration was calculated as
the difference between the change in in situ intrapentoneal
volume and the lymphatic absorption.
Solute kinetics. Protein clearances were also calculated as
described previously [24]. The mass transfer area coefficient
(MTC) of urea, creatinine and urate were calculated according
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area ratio (AL/AS) and the number of the large to small pore
ratio (nL/n5) were computed. The r and r5 values obtained in
model I were used to compute the AL/AS ratio according to
Poiseuille's law [12]:
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in which the fractional hydraulic conductance by the large pore
system (aL) was set at 0.056, that is, similar to the value
reported by Rippe and Stelin [19]. The AL/AS ratio was also
calculated using the unrestricted area over diffusion distance
values obtained with model II for the large (AL/ax) and the
small pores (A5/x):
(2)
to the model of Waniewski et al [25], in which the solute
concentration in plasma was expressed per volume of plasma
water [26].
The intrinsic permeability of the peritoneal membrane can be
characterized functionally by the peritoneal restriction coeffi-
cient (RC), that is, the slope of the power relationship between
the MTC or clearance of various solutes and their free diffusion
coefficients in water (D): MTC = constant . DSV' [27, 28].
The values of the free diffusion coefficients in water (D20 in
cm2s' 10—v) for all proteins were: 132-microglobulin 13.3 [29],
albumin 6.1, transferrin 5.0, IgG 4.0 and a2-macroglobulin 2.41
[30]. The restriction coefficient was calculated using the five
above mentioned proteins.
Three-pore models
All experiments were analyzed for each individual using two
different models, in which fluid and solute transport were
assumed to occur across the peritoneal membrane by three
different pores. The peritoneal capillaries were considered to
contain a large number of small pores (r5) and a small number of
large pores (rL). Transcellular pores (re), being 4 to S A, were
assumed to contribute to fluid transport only in both models.
The main difference between both models was the magnitude
of the hydrostatic pressure gradient being present across the
large pores. In model I a positive hydrostatic pressure gradient
was assumed to be present across the large pores. Conse-
quently, macromolecular transport was governed by hydro-
static convection, similar to the principles outlined by Rippe
and Stelin [19]. In model lithe hydrostatic pressure gradient
across the large pores was assumed to be near 0 mm Hg.
Therefore, the transport of macromolecules was determined by
(restricted) diffusion only. It implies that a role for the large
pores (rL) in fluid transport was only taken into account in
model I. As transcellular fluid transport accounts for approxi-
mately 40% of the total fluid transport, the flow across the other
pores was set at 60% of the total flow [19].
The mass transfer area coefficients of the following low-
molecular weight solutes were included in both models: urea,
creatinine and urate. Furthermore, the clearances of /32-micro-
globulin (16.2 A) [29] as an intermediate size molecule, albumin
(35.5 A), IgG (54 A), a2-macroglobulin (89 A) [30], and trans-
fen-in as macromolecules, were used. The radii (r) of the
low-molecular weight solutes were determined combining the
calculated free diffusion coefficient (D) values obtained with
the principles outlined by Wilke and Chang [31] with the
Einstein-Stokes equation: D = RT/6irNr. In this equation RT
is the product of the gas constant and the temperature, N is
Avogadro's number and j is the water viscosity. The reported
D value of urea [32] was similar to the calculated value of urea:
19.5 against 17.5 (cm2s 106). Accordingly, the radii of urea,
creatinine and urate were: 1.5 A, 2.3 A and 2.5 A. For
transferrin the mean radius of the values reported in literature
was used: 40 A [30, 33].
Both the pore size and the unrestricted area over diffusion
distance, that is, the surface area available for diffusion divided
by the length of the pathway from the capillary wall to the
dialysate (A/ax), were varied in the two models in order to
obtain the best fit between the measured and the estimated
solute clearances. Furthermore, the large to small pore surface
(3)
All calculations were done using an Olivetti M250 personal
computer.
Statistical analysis
Each experiment was analyzed individually for the determi-
nation of intraperitoneal pressure, fluid and solute kinetics, and
the application of both three-pore models. Results are given as
mean values SEM. The paired Student's t-test was used for
comparison of the two groups. Regression and correlation were
calculated by the method of least squares. A 95% confidence
interval of the correlation coefficients was calculated using
Fisher's Z transformation [34]. A P value below 0.05 (two-
tailed) was considered to indicate a significant difference.
Results
The mean intraperitoneal pressure was 8.0 1.1 mm Hg in
the experiments without external compression and 18.0 1.6
mm Hg during the application of the tightening girdle with
inflatable cuffs (P < 0.001). The increase in pressure ranged
from 7.2 to 16.1 mm Hg in individual patients. This magnitude
of external pressure was the maximum the patients could
tolerate without major discomfort and/or unacceptable abdom-
inal pain. A representative part of a pressure recording is shown
in Figure 1. The increased intraperitoneal pressure was associ-
ated with changes in fluid as well as in solute parameters. These
changes were not dependent on the sequence of the tests, that
is, whether the external compression was applied during the
first or the second experiment (P = 0.96).
Fluid and solute transport
The changes in the net intraperitoneal volume were smaller at
all time points during the experiment with the high intraperito-
neal pressure (Fig. 2). This effect was mainly caused by an
increased lymphatic absorption rate: 1.86 0.25 versus 1.07
0.18 mI/mm (P < 0.01), and to a lesser extent by the tendency
of the transcapillary ultrafiltration rate to decrease: 2.02 0.23
versus 1.73 0.27 mL'min (P = 0.08). Also, the two-hour
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Fig. 2. The time course (N = 8) of the
transcapillary ultrafiltration (•), lymphatic
_________________
absorption (Y) and the resulting changes in
intraperitoneal volume (U) without (A) and
60 90 120 with abdominal compression (B). Mean values
and SCM are given. < 0.005 versus without
Time, minutes abdominal compression.
protein clearances were lower in the experiments with a high
intraperitoneal pressure (Table 1). The percentage fall in the
protein clearances was more pronounced the higher the molec-
ular weight. As a consequence higher values were found for the
restriction coefficients in the tests with abdominal compression
compared to those without: 2.11 0.06 versus 1.99 0.07 (P <
0.05). The mean correlation of its fit was 0.981, with a 95%
confidence interval of 0.968 to 0.989. The MTC of all low-
molecular weight solutes also decreased when a higher intra-
peritoneal pressure was present: urea 21.5 1.7 versus 19.0
1.6 mi/mm (P < 0.05); creatinine 12.0 1.3 versus 10.7 1.0
ml/min (P <0.005) and urate 11.0 1.3 versus 9.3 1.0 mlImin
(P <0.05).
Without
compression
With
compression
Percentage
change %
132-microglobulin 1397 234 1212 194 —13
Albumin 159 27 132 l8 —17
Transferrin 149 27 119 2l —20
IgG
a2-macroglobulin
96 16
52.6 11.0
70 1l!
35.5 7•3b
—27
—32
A Without abdominal
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B With abdominal
compressioni
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0 5 10 0 5 Fig. 1. A representative part of an10 intraperitoneal pressure registration of one of
the patients. A. Without external
Time, minutes Time, minutes compression; B. With external compression.
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Time, minutes
Table 1. Peritoneal protein clearances (d/min) for the two-hour
dwell period, during the experiment with and without abdominal
compression
Data are mean values SEM (N = 8). Also the percentage change
from the clearance with compression to the clearance without compres-
sion for all patients is given (%).
a o.os < P b p < 0.05 compared to without compression
E
ci)0C
Ce
Cs
ci)0
Table 2. Peritoneal membrane characteristics in the 8 patients, (mean SEM) that were found after fitting the measured solute clearances with
model I (Convection through large pores only) and II (diffusion through large pores only)
Model I (convection only) Model II (diffusion only)
without
compression
with
compression
without
Compression
with
compression
Small pore size A
Large pore size A
Number of small pores
per large pore
A,/x cm
AL/Ax cm
Fractional large pore
surface area %
48 2
184 14
4920 1377
18313 1658
—
0.41 0.05
49 2
174 9
3244 682
15125 l532
—
0,49 0.07c
43 2
1028 218
2719 1002
14000 1278
3681 485
26.1 2.3
45 2
830 122
1913 489
12050
2862 385C
24.8 3.8
A/x and ALfx are the unrestricted pore areas over unit diffusion distance for the small and the large pores. The results are given for the
experiments with and without abdominal compression.
a P < 0.005, b p < 0.05, 0.05 <P < 0.1 versus without abdominal compression
Three-pore models
The estimated solute clearances obtained with both models
were in good accordance with the measured (observed) solute
clearances, irrespective of the height of the intraperitoneal
pressure (Fig. 3). The mean value of the error between the
measured and the estimated clearances was larger in model I
(convection through large pores only) than in model II (diffusion
through large pores only): 6.5 0.6% versus 5.6 0.7% (P <
0.001). The estimated peritoneal membrane characteristics
without and with external compression are summarized in
Table 2. The large pore size calculated in model II was at least
five times higher compared to the large pore size in model I. The
decline in the number of small pores per large pore and in the
unrestricted area over diffusion distance, was more pronounced
in model I than in model II. Consequently, the fractional large
pore surface area in model I increased during external compres-
sion.
Discussion
The present study demonstrates that an increase in intraperi-
toneal pressure of 10 mm Hg caused by external compression
leads to a decrease in net ultrafiltration and in peritoneal solute
transport. The pressure achieved caused no harm to the pa-
tients, but it was the maximum value they could tolerate. A
pressure increase of 10 mm Hg would block the splanchnic
circulation in rats (Flessner, personal communication), leading
to bowel ischemia. Our finding that peritoneal protein clear-
ances were lower during external compression, instead of the
higher values expected when ischemic leakage would occur, do
not point to a severe impairment of the interstitial circulation in
CAPD patients.
Fluid kinetics
Changes in the intraperitoneal volume during a dialysis dwell
are caused by transcapillary ultrafiltration and lymphatic ab-
sorption from the peritoneal cavity. Dextran 70 was used as an
intraperitoneal marker to measure the in situ intraperitoneal
volume by its dilution [21]. A proportion of intraperitoneally
administered macromolecules disappears during a dialysis
dwell. The disappearance rate is constant in time [35, 36] and
independent of molecular size [37], which is consistent with a
convective mechanism. Therefore, it can be used to calculate
the fluid loss from the peritoneal cavity. The lost macromole-
cules are partly taken up directly into the lymphatic vessels that
drain the peritoneal cavity [381, and partly in an indirect way via
the peritoneal interstitial tissue [36, 39]. Consequently, the
dextran disappearance rate can be used as an indirect method to
quantify the contribution of the peritoneal lymphatics in the
absorption of fluid from the peritoneal cavity during CAPD
(lymphatic absorption rate). This functional approach implies
that all pathways of lymphatic drainage from the peritoneal
cavity, both subdiaphragmatic and interstitial are included.
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100
10
1
0.1
0.01
Fig. 3. The measured clearances (N = 8) of
urea (1.5 A), creatinine (2.3 A), urate (2.5 A),
132-microglobulin (16.2 A), albumin (35.5 A),
transferrin (40 A), I1G (55 A) and cr2-
macroglobulin (89 A) (0) versus their
molecular radius, with (A) and without (B)0 25 50 75 100 0 25 50 75 100 abdominal compression on a single
logarithmic scale. The data were fitted with
Radius, A Radius, A model I (solid line) and model II (dotted line).
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The mean intraperitoneal pressures found in the experiments
without abdominal compression were similar to the values
reported by Odriozola, Bahlman and Fabel [40], after instilla-
tion of two liters of dialysate. The intraperitoneal pressure in
supine position reported by Twardowski et al [10] was about 6
mm Hg lower. This difference is probably caused by the
reference levels used: in the present study the midaxillary line
was taken as zero-point, whereas the umbilicus level was
chosen in the studies of Twardowski et at [10, 41].
The lower net ultrafiltration during external compression was
caused by an increase in the lymphatic absorption from the
peritoneal cavity and a decrease in transcapillary ultrafiltration.
This effect of intrapentoneal pressure on the lymphatic absorp-
tion rate is in accordance with that reported in anesthetized cats
[9], but seems in contradiction with the results reported re-
cently by Flessner [42]. In the latter study the hydrostatic
pressure gradient across the anterior abdominal wall in rats was
decreased by an amount equal to 1.2 mm Hg using a closely
fitting inflatable abdominal cuff. The intraperitoneal pressure
without compression was 2.4 mm Hg in the study of Flessner,
and increased to 5.6 mm Hg during external compression.
However, the hydrostatic pressure gradient across the anterior
abdominal wall decreased from 2.4 mm Hg to 1.2 mm Hg,
caused by an abdominal counterpressure of 4.4 mm Hg. This
maneuver resulted in a lower disappearance rate of intraperito-
neally administered albumin from the peritoneal cavity. It is
likely that the small decrease in the pressure gradient across the
anterior abdominal wall had an effect on the transport of
albumin from the peritoneal cavity to the interstitial tissues
without an apparent effect on the direct uptake into the subdi-
aphragmatic lymphatics. The much higher intraperitoneal pres-
sure increments in our study may have had an effect on the
uptake of dextran directly into the lymphatic system, far
exceeding the effect on its transport into the interstitial tissue in
the anterior abdominal wall.
The transcapillary ultrafiltration tended to be lower when the
intraperitoneal pressure was raised by 10 mm Hg. According to
Starling's law this phenomenon can be explained by: (1) a
reduction in the hydrostatic pressure gradient, andlor (2) a
decrease in the effective peritoneal surface area. First, the
hydrostatic pressure gradient between the peritoneal cavity and
the peritoneal capillaries is most likely reduced when the
intrapentoneal pressure is raised. The higher intraperitoneal
pressure however, also increases the pressure in the large veins
[43]. As a part of this pressure elevation will be transmitted to
the exchange vessels [44], the true reduction in the hydrostatic
pressure gradient will be less than 10 mm Hg. Second, the
transcapillary ultrafiltration capacity also depends on the effec-
tive peritoneal surface area. In a previous study it was demon-
strated that this parameter could functionally be characterized
by the MTC of low-molecular weight solutes, such as creatinine
[45]. The MTC of creatinine decreased 11%, indicating that the
size of the effective peritoneal surface area is pressure-depen-
dent. The explanation for the reduced effective peritoneal
surface area during increased intraperitoneal pressure can be
twofold. First, it is known that only 25% of the peritoneal
capillaries are perfused [46]. In those capillaries that are hardly
perfused, the intracapillary pressure will therefore be consider-
ably less than the mean intracapillary pressure of 17 mm Hg
reported in literature [47]. It is likely that an increase in
intra-abdominal pressure will compress those capillaries that
are marginally perfused. Second, the "vasoconstrictor re-
sponse" elucidated by an increased intravenous pressure and
leading to arteriolar constriction, as reported by Hendriksen
[48], could in theory be another explanation for the reduced
peritoneal surface area during abdominal compression. How-
ever, this response was elicited when the vascular transmural
pressure was increased by more than 25 mm Hg. In our
experiments the pressure change was at maximum 10 mm Hg.
Therefore, this explanation for the reduction in effective peri-
toneal surface area seems less likely, although not impossible.
Protein clearances
Solute transport through pores takes place by diffusion and
convection. Diffusion is the most important mechanism for
low-molecular weight solutes [11]. It is controversial whether
the transport of macromolecules during CAPD is mainly by
convection [12, 13] or by restricted diffusion [14-18]. Convec-
tion through the small pores in this situation is mainly depen-
dent on the hydrostatic- and the crystalloid osmotic pressure
gradient. Convective transport through the large pores is only
determined by the hydrostatic pressure gradient [19]. In a
previous study we found that an effect of osmotic induced
convection was only present for the low-molecular weight
protein p2-microglobulin, but not for larger proteins, such as
albumin, transferrin, IgG and a2-macroglobulin [24]. This is
consistent with the hypothesis that /32-microglobulin is trans-
ported through small pores, but that larger macromolecules
pass the peritoneal membrane through the large pore system. It
implies that decreasing the transperitoneal hydrostatic pressure
gradient by external compression would lead to a lower clear-
ance of albumin and of larger proteins when convection would
be the main transport mechanism. Conversely, when restricted
diffusion would be the main mechanism, external compression
would decrease the clearances of these proteins only to the
extent of the diminution of the effective peritoneal surface area.
The decrease in protein clearances we found during external
compression was larger than could be explained on the basis of
a reduced effective peritoneal surface area only. Furthermore,
the decrease was more pronounced the higher the molecular
weight. Consequently, higher restriction coefficients were
found, probably reflecting a reduction in the size of the large
pores. Such an effect on the large pore diameter would affect
both diffusive and convective transport mechanisms.
Three-pore models
The error between the estimated and measured protein clear-
ances was acceptable in both models, although it was smaller in
model II (diffusion through large pores only). The results we
obtained with model I (convection through large pores only) in
the situation without external compression were by and large
similar to those reported by Rippe and Stelin [19]. This was
especially the case for the computed small pore diameter. The
value found for the large pore diameter was about 100 A lower
[19, 49]. The difference can be explained by the fact that Rippe
and Stelin used clearances of 1gM (120 A), while a2-macroglob-
ulin (89 A) was employed in the present study. In fact, when
Rippe and Stelin used a2-macroglobulin clearances obtained
from a previous study by our group [50], they calculated a large
pore diameter of 153 A [19], so very similar to the results
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obtained in the present study. As a consequence the calculated
number of large pores by us was 0.02% of the total pore
population, instead of 0.01% [19] and the fractional large pore
surface area 0.41% instead of 0.15% [19] or 0.20% [49]. The
unrestricted small pore area over unit diffusion distance (A5Ix)
was 183 meters in the present study, a value somewhat lower
than the 460 meters [19] and 270 meters [49] reported by Rippe.
This can be explained by the calculation of the radii of low-
molecular weight solutes. We calculated them from their free
diffusion coefficient in water, obtained according to the princi-
ples of Wilke and Chang [31], while Rippe and Stelin used an
empirical relationship between molecular weight and solute
radius [19]. It can be concluded that the results we obtained
with model I are not essentially different to those reported in the
literature [19, 491.
The most striking difference between models I and II is the
diameter of the large pores (about 1000 A), their number (0.04%
of the number of small pores), and consequently the fractional
large pore surface area (25%). The morphological counterpart
of the large pores has not been identified. Several authors
suggested that intracellular vesicles, with a diameter of 250 A to
900 A, forming transcellular channels represent the large pore
system [51, 52], but experiments using cooling of tissue have
made this assumption not very likely [53]. Alternatively the
large venular interendothelial gaps with radii from 500 to 5000 A
that can be found after the application of vasoactive substances,
like histamine [54], maybe the morphological counterpart of the
large pores. As locally produced vasoactive substances, such as
prostaglandins and cytokines [55, 56] can be found in the
effluent of CAPD patients, a large pore size of 1000 A may not
be an unrealistic assumption.
The effect of external abdominal compression leading to an
increase in intra-abdominal pressure was similar in both mod-
els: a decrease was found in the number of the smallpores, in
the unrestricted area over diffusion distance, and in the diam-
eter of the large pores. These results are in accordance with the
decrease we found in the effectiveperitoneal surface area and in
the intrinsic peritoneal permeability, using the clearance of
J32-microglobulin and the peritoneal restriction coefficient. An
increase in intra-abdominal pressure probably leads to a de-
crease in the number of perfused pentoneal capillaries, and
perhaps also in the diameter of the venular interendothelial
gaps. The fractional large pore surface area increased margin-
ally in model I and remained unchanged in model II. Our
findings imply that kinetic modeling using computer simulations
can not be used to clarify the problem whether hydrostatic
convection or restricted diffusion is the main mechanism for
transperitoneal transport of macromolecules from the circula-
tion to the dialysate during peritoneal dialysis, as long as the
large pore system has not been localized on the level of the
capillary endothelium.
It can be concluded that an increase in intra-abdominal
pressure, caused by external compression, deteriorates net
ultrafiltration in CAPD patients. This was mainly caused by a
higher lymphatic absorption rate and to a lesser extent by a
reduced transcapillary ultrafiltration. The effect on solute trans-
port could be ascribed to a reduction in the effective pentoneal
surface area and a decrease in the intrinsic peritoneal perme-
ability. Using kinetic modeling, these phenomena were likely to
be caused by a reduction in the number of small pores and a
lower large pore diameter. These effects on the pores were
found irrespective whether hydrostatic induced convection or
restricted diffusion were considered to be the mechanisms of
transperitoneal transport of serum proteins during CAPD.
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